This paper presents a project that is investigating which cruise speed the next generation of short-haul aircraft with 150 seats should fly at and which combination of advanced engine technologies should be employed in order to make the profit generated by the aircraft robust to uncertain fuel and carbon prices in Europe in 2030. To answer this question, an optimization loop is being set up in MATLAB consisting of five modules, including an aircraft design, a travel demand, a modal shift, a flight profile, and an engine design element. The first three modules were tested in a preliminary study that analyzed the effect of high and low fuel and carbon prices on the optimum aircraft design and its ideal cruise speed. The results indicate that if oil and CO 2 prices were to rise significantly, a slower turboprop aircraft would be more profitable in terms of Surplus Value in comparison to a conventional turbofan design. If prices were to reduce, however, a faster turbofan aircraft would offer a superior business case. The study also showed that making realistic Surplus Value predictions is more difficult than forecasting costs. 
Nomenclature

I. Introduction
A. Project Incentive t takes around 5 years to develop a jet engine, which then usually remains in production for more than two decades 1, 2 . Similar to the rest of the aerospace industry, gas turbine makers therefore have to make multi-billion investments into these large and long-term projects and it normally takes at least 15 years until the costs are recuperated 1 . Consequently, the strategic design team must make a sound prediction 30 years into the future and optimize the product in such a way that it remains competitive throughout that period.
When optimizing a design, its performance should not simply be maximized by taking the product to its limits where a slight perturbation could lead to a significant loss in performance. Instead, the design should be made more In 1992, aviation accounted for 3.5% 10, 11 of the global anthropogenic radiative forcing and 2% 1, 11 of global CO 2 emissions. While air traffic is expected to grow approximately 5% 1, 5, 11 per year, specific fuel consumption is projected to decrease by only 0.7-1.5% 1, 7 per annum. As this results in a net increase in aircraft emissions, aviation's share in global man-made radiative forcing *** is predicted to increase to 5% 1, 10, 11 by 2050. Considering that the aviation industry has agreed to pay its full external costs 10 , the only way to legitimize and secure the aviation business in the long-run is through a "clean approach 1 " where growth and ecological damage are uncoupled.
D. Carbon Trading
Economic instruments are more cost efficient and flexible in comparison to fixed regulation 12 . The British government, the aviation industry as well as environmental groups therefore believe that for an international industry, international emission trading across all industrial sectors is the best solution 10, 13 . In 2005, the European Union set up the EU Emission Trading Scheme, which is a 'cap and trade' system for anthropogenic CO 2 production 12, 14 . For each installation registered in the scheme an emission cap is defined and every company that exceeds its quota has to buy unused credits from corporations that are better at reducing their CO 2 production 10 . The aviation sector will be included in the scheme as from 2012 14, 15 . This means that all operators within the EU that fly aircraft with a maximum take-off weight above 5700 kg will be obliged to participate, including non-EU airlines that offer flights from or to EU airports 12, 14 . Based on ATA data † , today a passenger has to fly approximately 5400 miles on an 11-hour flight from Seattle to Beijing for example, in order to emit 1 metric ton of CO 2 . Considering that CO 2 was traded at less than £14 (equivalent to less than $20) per metric ton in August 2011 † † † shows that currently the EU Emission Trading Scheme would have a relatively small impact on ticket prices in comparison to the predicted increases in fuel cost 15 . In order to achieve significant emission reductions and encourage airlines to operate the latest generation of aircraft, 1 metric ton of CO 2 would have to cost between €100 and €300 15 , i.e. between $140 and $420 using the average exchange rate for August 2011. The independent UK Committee on Climate Change 7 predicts that 1 metric ton of CO 2 will cost between £35 and £105 in 2030 (approximately $60 to $180 using the exchange rate for August 2011).
E. Uncertain Future
The Advisory Council for Aeronautics Research in Europe (ACARE) states: "The future is uncertain, except that changes will be rapid and marked, especially in the price of resources, and this scenario will become a normal phenomenon 1 ." Based on the maximum and minimum oil and carbon price estimates for 2030 mentioned previously and a fuel efficiency improvement of 1.0% per annum, the pessimistic total operating expenses prediction for U.S. airlines for 2030 in Fig. 2 is twice as high as the optimistic one. This implies that it is extremely difficult for jet engine manufacturers to design a product that is guaranteed to still be successful several decades later. This challenge could be met with the aid of a jet engine design tool that takes the underlying uncertainty of future oil and carbon prices into account. 
II. Advanced Jet Engine Technologies
In the 1990s, engine efficiency improvement dropped to 0.5% per annum as the conventional turbofan design was approaching its natural limits 10 . In order to deliver significant improvements, novel design solutions could be sought that would require investments in the order of tens of billions of U.S. Dollars 7, 16 . The options include integrally bladed discs, commonly known as blisks, which could be installed in systems such as an advanced turboprop design, the conventional or the geared turbofan, or more radical solutions such as the unducted fan, also known as the open rotor or propfan.
A. Blisks
Blisks are currently found in the compressor of jet engines and are up to 30% lighter 2 than conventional blade and disc assemblies, as Fig. 3 indicates. The lower weight permits a much higher blade speed and hence higher pressure ratios per stage 17 . A blisk compressor therefore requires one third fewer rotor stages to achieve the same total pressure ratio as a conventional design 17 .
B. Geared Fan
Another way of reducing fuel consumption is by using a larger fan so that the bypass ratio and hence the propulsive efficiency of the engine are increased. While the fan is more efficient when it turns slowly, the lowpressure turbine blades, that drive the fan, can extract more energy from the hot gas when they turn quickly. One way of decoupling this inter-dependency is by installing a planetary gear system so that the fan can run at a third of the speed of the low-pressure turbine for example ‡ ‡ ‡ .
C. Unducted Fan
As the weight and the drag of the nacelle limit the bypass ratio of the geared turbofan, the only way to further increase efficiency is by using an unducted fan, or a turboprop engine for even higher bypass ratios. Although the open rotor is noisier in terms of noise margin relative to Chapter 3 1, § § § and causes greater installation problems 7,16, ‡ ‡ ‡ than the geared fan, the former is 20-25% 1 more efficient than today's short-range jet engines, whereas the geared fan only enables a fuel saving of 10-15% **** .
III. Strategic Jet Engine Design Model
A. Limitations
Although 2030 is less than two decades away, the authors have chosen this timeframe because 2025 to 2030 is the likely service entry window for the next generation of short-range aircraft 7 . In the 2020s, all the aforementioned technologies will also be mature enough to potentially be included in such an airframe. The authors do not intend to make any prognoses beyond 2030 because of the unpredictability of many factors thereafter, not just oil and carbon prices but also technological capabilities and aircraft rollout dates 7 . The model will only be based on flights within the current borders of the European Union with its 27 member countries, partly because the EU Emission Trading Scheme does not apply outside this zone, and partly because air traffic growth rates and other economic factors within Europe should not be too dissimilar in 2030.
B. Methodology
In order to find a strategic engine design that is robust with regard to fuel and carbon price uncertainty in 2030, a Surplus Value 18 model is being created in MATLAB which will effectively calculate the total profit generated by the ‡ ‡ ‡ Warwick, G. In conjunction with a flight simulator that will simulate typical flights within Europe, the Surplus Value model will form the basis of the optimization loop depicted in Fig. 4 . For each of the flights simulated, the loop will calculate the economics of the aircraft, its propulsion system and the advanced technologies within the engines. The cost of these flights, which will partially be driven by the simulated fuel and carbon prices, will then determine the air travel demand, which in turn will affect the size of the aircraft fleet and hence the Surplus Value generated by the industry. During each iteration, the optimizer will tune the engine technology combination until the robustness of the Surplus Value is maximized.
The check marks in Fig. 4 highlight the model elements that have already been created using data and formulae from various sources [19] [20] [21] . These modules are explained in more detail in the following sub-sections and have been used in the preliminary study presented in Section 4 of this paper. Although the aircraft's cruise performance can already be calculated, the aircraft performance element has not been check marked because the takeoff, climb, descent and landing performance still have to be modeled.
While the model's fuselage design is based on the current Airbus A320 and is therefore fixed, the wing can have any conventional shape and can either be a high-wing or a low-wing configuration, as illustrated in Fig. 17 and 18 , respectively. If a low-wing design is employed, the landing gear length adjusts automatically, depending on the bypass ratio of the engine in order to provide the minimum ground clearance required by the engine.
Although the reader might expect the fuel-efficient but slower turboprop to produce the most robust design, the optimum solution is not straightforward because many design trade-offs are involved: as the flight speed affects the number of flights per day and hence the revenue, the optimization loop will have to trade flight speed against fuel and CO 2 costs as well as maintenance, acquisition, labor, and other operating costs 18 . 
C. Air Traffic Model
The flight distances simulated will be sampled from the lognormal distribution shown in Fig. 5 . It is based on the direct distances between 30 representative European cities, which are displayed in Fig. 6 , and weighting each city pair according to the number of inhabitants. Assuming that that by 2030, flights per capita will be similar throughout Europe, this means that a connection London-Madrid with a combined population of 10.5 million is sampled more often than Luxembourg-Edinburgh with 0.5 million for example.
The maximum flight distance within Europe is 3350 km between Helsinki/Finland and Lisbon/Portugal but the current Airbus A320 is capable of flying almost twice the distance 22 . Figure 5 's 70 th percentile of 1550 km therefore agrees reasonably well with Airbus' general prediction that "single-aisle aircraft will be overwhelmingly flown on short flights and by 2028, 70% of them will be used on flights of 1850 kilometers or less 5 ."
D. Modal Shift
Ignoring slow methods of passenger transport, including ships, busses, and conventional trains, that barely compete with air travel, the remaining options are: the car, the high-speed train, and the plane itself. Figure 7 shows how the traveling times of these three modes of transport are affected by the direct travel distance.
The graphs for the train and the plane (with an average cruise speed of 812 km/h) are linear regressions of the official travel times obtained from airline and train operator websites that offer transport services between the 40 city pairs in Fig. 6 that have a high-speed rail connection. In order to account for actual door-todoor times, 75 minutes † † † † were added to the train times and 3 hours ‡ ‡ ‡ ‡ to the flight times. The traveling times by car are based on the routes recommended by Google Maps § § § § which are on average 25% further than the direct distance. The driving times were then calculated by assuming that it takes 7.5 minutes to get to the car, load it, and exit the parking place, and the same time for the reverse process at the final destination. Further assumptions include that the first and the last 12.5 km are done at 50 km/h and the remaining distance at 100 km/h, while having a 15-minute break every 2 hours. † † † † 30 minutes to get to the train, 15 minutes to buy a ticket and board the train, and 30 minutes to travel to the final destination. ‡ ‡ ‡ ‡ 1 hour to get to the airport, 1 hour to check in and board the aircraft, and 1 hour to travel to the final destination. § § § § Google, "Google Maps," Google Inc., 2011. Available from: http://maps.google.co.uk Figure 7 indicates that the high-speed train first outpaces the car at distances above 160 km, before the plane first overtakes the car after 237 km and then the train after 273 km. The modal shift illustrated in Fig. 8 , which is based on a similar diagram in Ref. 20, lags behind these travel time trends, however. The reason the market shares of the train and the plane only start to increase after they outrun the car is because the mobility and flexibility offered by the car gives it a natural advantage in terms of market dominance. Figure 8 would of course look very different for city pairs that do not have a high-speed rail connection. The authors assume, however, that by 2030 many European metropolises will have access to the European high-speed rail network as planned by the European Commission 23 . In order to include the effect of the modal shift on the air travel demand in 2030, the authors assumed that the market share of the plane is dependent on the average speed from door to door. For short-haul flights, the average speed is primarily determined by the flight distance and to a lesser extent by the cruise speed, as the graphs for today's cruise speed of 812 km/h and a potential future cruise speed of 765 km/h in Fig. 9 show. Although Fig. 8 confirms that reducing the cruise speed to 765 km/h has a negligible impact on the market share, the effect becomes more significant if the cruise speed is reduced below 500 km/h.
E. Demand Elasticity and Air Traffic Growth Scenarios
According to Airbus 5 , the demand elasticity of domestic European air travel is -0.96, which means that the demand decreases by approximately 0.96% if prices increase by 1% for example, as Fig. 10 explains.
In their Long-Term Forecast 24 , the European Organisation for the Safety of Air Navigation, EUROCONTROL, presents five different growth scenarios for the European air traffic between the year 2010 and 2030. Two of these, the best-case scenario 'A' and the worst-case scenario 'E', which are defined in Table 1 , were used in conjunction with Fig. 10 's demand elasticity function to configure the authors' traffic demand module shown in Fig. 4 and Fig. 11 . 
Figure 10. Price Elasticity of Demand
Scenario A is based on "strong economic growth in an increasingly globalised world with technology used successfully to mitigate the effects of sustainability challenges such as the environment or resource availability 24 ." Scenario E, on the other hand, assumes that "strongly growing economies focusing on short-term gains rather than long-term sustainability are not able to react and adapt quickly when faced with unexpected persistent oil supply deficiency after a production peak in 2020 24 ."
IV. Preliminary Study
The authors used the completed model elements highlighted in Fig. 4 , the extrapolated ATA data † for 2030 from Section 1.E and simple engine performance formulae 21 for conventional turbofan and turboprop designs to set up the preliminary model structure shown in Fig. 11 . This simplified model was needed to investigate the effect of different oil and carbon prices on the optimum aircraft design and cruise speed. The results presented in the following subsections do not consider the other advanced engine technologies mentioned in Section 2. Figure 12 depicts how the cruise speed affects the optimum aircraft and engine design and hence the fuel consumption in comparison to today's Airbus A320 over a cruise distance of 1400 km at constant altitude. As takeoff, climb, descent, and landing performance have not yet been modeled, they were ignored in this study.
A. Impact of Cruise Speed on Fuel Consumption
Above a speed of Mach 0.74, measured relative to the ground at 37,000 ft at International Standard Atmosphere (ISA) conditions, the classic low-wing high-bypass turbofan aircraft has a lower fuel consumption than a high-wing turboprop version. It is not surprising that as the cruise speed is increased from Mach 0.74 to Mach 0.93, the optimum bypass ratio gradually reduces from 10 to 3. While the turboprop is the more fuel efficient option at speeds below Mach 0.67, the turbofan and the turboprop have a similar performance between Mach 0.67 and Mach 0.74.
As long as the cruise speed does not exceed Mach 0.77, at which wave drag due to shock waves becomes significant, the fuel consumption is not considerably lower at Mach 0.38 than at Mach 0.67 for example. This might seem surprising considering that, according to Eq. (1), fuel consumption is directly proportional to the work done, W, and therefore directly proportional to the square of the velocity, V, making the reasonable assumption in this study that drag, D, the drag coefficient, C D , and the air density, ρ, are constant throughout the cruise. This seeming contradiction can be explained by the fact that the optimum cruise altitude reduces as speed decreases because the increasing air density ensures that the necessary lift can be generated without having to increase the wing area, S, which would lead to suboptimal increases in weight and parasite drag.
B. Effect of Fuel Prices and Cruise Speed on Traffic Volume
Figure 13 displays how the air travel demand, measured in Revenue Passenger Kilometers (RPK), changes with cruise speed. As the 'RPK potential' graph in Fig. 13 ignores the effect of ticket prices on the demand, it is purely a function of the modal shift which is controlled by the cruise speed. It confirms what was stated previously: the modal shift only has a significant effect on the potential travel demand if the cruise speed is below Mach 0.48, i.e. 500 km/h. 
Figure 12. Effect of Cruise Speed and Engine Type on Fuel Consumption
Using that graph as a baseline, the pessimistic and the optimistic traffic scenarios display how the traffic volume is affected by the fuel price as well as the cruise speed. Both graphs show that there is an optimum cruise speed at which the incentive to fly faster in order to utilize the aircraft more effectively balances the increase in fuel cost. The two scenarios assume the same oil and carbon prices as Section 1.E, i.e. $305/barrel and $180/metric ton CO 2 in the pessimistic scenario and $55/barrel and $60/metric ton CO 2 in the optimistic scenario. As these prices are more extreme than those assumed by EUROCONTROL in Table 1 , it is not surprising that the traffic volume predictions in Fig. 13 are also more extreme: at the current A320's cruise speed 22 of Mach 0.78, the traffic multiplier reduces to 0.71 in the pessimistic scenario, but in the optimistic scenario it increases to 2.63.
If the cruise speed is reduced from Mach 0.78 to Mach 0.74 in the pessimistic scenario, Fig. 14 indicates that the fuel saving outweighs the increase in the other operating costs. The overall cost reduction consequently ensures that the traffic only reduces by 18% instead of 29% in comparison to 2008. In the optimistic scenario, however, the low fuel and carbon prices lead to an operating cost saving if the cruise speed is increased to Mach 0.85. This way, Fig. 15 
C. Surplus Value Scenarios
As the optimum design in terms of Surplus Value is not only affected by the cost function but also by the revenue function, it is important to build a model that can not only predict the costs accurately, but also the revenue. Although there is a significant amount of uncertainty in forecasting aircraft operating costs in 2030, the predictability of revenue, and hence profit (i.e. Surplus Value), is even lower due to the underlying complexity in the airlines' pricing strategies that depend on many factors, including the competitiveness in the market as well as the operating costs and the air travel demand.
The authors therefore assume that in 2030, the only constant will be the aim of the airlines to generate an operating margin of at least 10% as recommended by Ref. 25 . Operating margin is defined in Eq. (2), and Eq. (3) shows how it can be used to calculate the operating profit (referred to as profit for simplicity) based on the costs. As Eq. (3) wrongly implies that high costs are beneficial because they lead to a higher profit, the model calculates the actual profit using Eq. (4). This latter formula assumes that one of the aircraft manufacturers will always offer an aircraft that is designed to fly at the optimum speed in terms of cost and that the airlines operating that aircraft will be able to price the tickets so that they can generate a 10% operating margin. As the other airlines will generally not be able to charge higher prices, their profit is equal to the fixed price minus their actual costs, as defined in Eq. (4).
operating margin = 10% = profit/revenue = (revenue -cost)/revenue (2)
actual profit = minimum profit + minimum cost -actual cost = (0.1/0.9 + 1) × minimum cost -actual cost (4) Figure 16 indicates that Eq. (4) generates the same optimum cruise speeds as Fig. 14 and Fig. 15 . Apart from that, Fig. 16 highlights that a low fuel price gives the aircraft manufacturers and the airlines a larger margin of error in terms of cruise speed over which a profit can be generated, because a low fuel price has less of an impact on the total costs. Although the maximum traffic demand in the optimistic scenario is 3.3 times higher than in the pessimistic scenario, the maximum profit is slightly higher in the pessimistic scenario, surprisingly. This can be explained by the fact that the ticket prices in the pessimistic scenario are 3.4 times higher than in the optimistic scenario, which overcompensates for the lower demand. 
D. Optimum Aircraft Designs
The designer can choose from an optimum turboprop as well as an optimum turbofan aircraft design for the pessimistic scenario's ideal cruise speed of Mach 0.74, which are displayed in Fig. 17 and 18 , respectively. The reason there are two optimum designs is because Fig. 12 shows that between Mach 0.67 and Mach 0.74 both the turboprop and the high-bypass turbofan have a similar fuel consumption at cruise conditions. The turboprop aircraft, represented by solid lines in Fig. 17 , is based on the current Airbus A320 fuselage 26 , the Airbus A400M engines and wing fairing 27 , and the Avro RJ landing gear 28 . The turbofan aircraft, which is also represented by solid lines in Fig. 18 , is entirely scaled off today's A320, however. In both figures the dashed lines reflect the original dimensions. The comparison of the solid and the dashed lines shows that, due to the reduced cruise speed, both new designs have a greater wing span and less wing sweep than the current A320.
It might sound unrealistic that a future turboprop could fly at Mach 0.74, but today the A400M already cruises at an equivalent speed 27 . If the preliminary model was able to simulate takeoff and landing as well, it is likely that the turboprop aircraft would have a superior fuel efficiency because turboprops generally require less fuel to climb to their lower cruise altitudes in comparison to turbofan aircraft 29 In the optimistic scenario, the ideal cruise speed of Mach 0.85 produces the optimum turbofan aircraft design illustrated in Fig. 19 . Unsurprisingly, the higher cruise speed leads to a higher wing sweep and a reduced wing span with respect to today's A320.
V. Conclusion and Future Work
The fundamental question raised by this project and partially answered by the preliminary study presented in Section 4 is: Is there a business case to change the cruise speed of today's short-haul 150-seater aircraft and select an advanced engine technology combination that produces an engine design that is more robust to uncertain fuel and carbon prices in 2030 than current turbofans?
As the entire aircraft design module is based on preliminary design information and formulas, it cannot provide the model fidelty and accuracy achieved using Computational Fluid Dynamics codes or Finite Element Analysis models for example. Considering that future growth and fuel price scenarios are by definition educated guesses, the precision gained by inserting higher fidelity codes into Fig. 4 's model framework is probably not worth the additional computational expense required.
Creating a Surplus Value formula that makes realistic profit predictions for 2030 is inherently difficult, as the preliminary study showed. Considering that the formula also produced the same optimum cruise speeds as the minimization of operating cost, it might be easier to focus on the latter metric. The pros and cons of the two metrics will be further investigated once the model envisaged in Fig. 4 has been completed. 
